We use molecular simulation to study the structural and dynamic properties of glassy nanoclusters formed both through the direct condensation of the vapor below the glass transition temperature, without the presence of a substrate, and via the slow supercooling of unsupported liquid nanodroplets. An analysis of local structure using Voronoi polyhedra shows that the energetic stability of the clusters is characterized by a large, increasing fraction of bicapped square antiprism motifs. We also show that nanoclusters with similar inherent structure energies are structurally similar, independent of their history, which suggests the supercooled clusters access the same low energy regions of the potential energy landscape as the vapor condensed clusters despite their different methods of formation. By measuring the intermediate scattering function at different radii from the cluster center, we find that the relaxation dynamics of the clusters are inhomogeneous, with the core becoming glassy above the glass transition temperature while the surface remains mobile at low temperatures. This helps the clusters sample the highly stable, low energy structures on the potential energy surface.
is an inherent structure 10 of the system and the configurations in its basin of attraction represent local thermal excitations. The thermodynamics and dynamics of the liquid are then described in terms of how the system samples the basins and the saddle points that separate them. At high temperatures, the liquid samples a region of the landscape that is characterized by a large number of high energy inherent structures, but as it cools the system trades entropic stability, measured in terms of the number of accessible inherent structure basins, for energetic stability by sampling rarer, lower energy basins. If T K could be reached, the liquid is expected reach the bottom of the landscape, corresponding to an ideal glass state, where there are a sub-exponential number of inherent structures basins.
The configurational entropy is then sub-extensive and the system avoids the Kauzmann entropy catastrophe as absolute zero is approached. Alternative theories, such as geometric frustration, 11 focus on the role of local structures and their ability to prevent the formation of the crystal. The icosahedron is the primary candidate in three dimensions because it is a low energy structure that is unable to tile Euclidean space, 12,13 but recent studies [14] [15] [16] have begun to analyze a broader range of local polyhedral motifs that can induce geometrical constraints, either due to their intrinsic inability to tile space or as a result of the motifs becoming distorted through compositional effects. In particular, the presence of locally favored polyhedral motifs, such as the bicapped square antiprism, have been connected with dynamically slow domains in the Kob-Andersen (KA) model 17 for the N i 80 P 20 binary alloy, which is a classic glass forming model. However, not all local structure theories rely on geometric frustration, and polyhedral ordering associated with crystal-like structure has also been linked to elements of glassy behavior such as dynamic heterogeneity.
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Recent experiments have shown that ultrastable glasses, with low energies and an enhanced kinetic stability, can be formed through physical vapor deposition (PVD) onto a substrate held at a temperature, T d , below the glass transition temperature. [19] [20] [21] At the optimal temperature, T d ≈ 0.8T g , the ultra-stable glasses exhibit relaxation times 2-3 orders of magnitude slower than ordinary glasses and have been shown to remain stable to tem-peratures well above T g as they are heated. The stability of these PVD films is thought to be derived from the ability of the newly deposited atoms to diffuse around the free surface to find a low energy local structure before they become permanently trapped by the atoms that follow. This is supported by simulations that show an increased presence of stable local polyhedral motifs in more stable glasses 20 and a greater mobility of atoms near the free surface. These systems have the potential to offer new insight into glassy behavior because they appear to be significantly more stable than ordinary, supercooled glasses. However, the relationship between the different glasses is not clear. The ultra-stable glasses could simply be more stable extensions of the supercooled glasses 22 or they could be thermodynamically and structurally distinct materials with properties that arise out of their unique history.
23,24
Our primary goal is to understand the structural and thermodynamic relationship between vapor condensed glasses and their traditional supercooled counterparts created in the absence of a substrate. However, we are also interested in examining how particle formation history may effect the properties of glassy nanoparticles. Glassy dynamics in organic aerosol particles has been shown to have a strong effect on the ability of a particle to nucleate ice in the atmosphere 25 but little is known about how these aerosols are formed and different particle histories may lead to contrasting properties. To address these questions, we use molecular simulation to explore the properties of glassy nanoclusters formed through traditional supercooling (SC) and to compare them to nanoclusters formed via a vapor condensation (VC) approach. We study the thermodynamic, structural and dynamic properties of nanoclusters, formed from a binary mixture of N = 600 Lennard-Jones atoms, with interaction parameters and a composition consistent with the Kob-Andersen model, 17 which is a well known bulk glass former and has been used in the study of ultra-stable glassy films.
Our supercooled glassy nanoclusters (SCGN) are prepared by cooling the well equilibrium gas state at a high temperature to form a liquid droplet, with cooling rates in the range γ = 3.3 × 10 −3 − 3.3 × 10 −6 . The vapor condensed glassy nanoclusters (VCGN), are formed through the direct condensation of the vapor into a nanocluster at a specific temperature, T d , using a technique that simulates the vapor condensation process and which is similar to that employed in the study of thin film, ultra-stable glasses. 20 The details of the model and simulations methods can be found in the methods section. While our simulation approach is highly idealized, gas aggregation techniques 26 have been used to study small nanoclusters of ice/water at low temperatures, 27 which suggests a comparison between vapor condensed and supercooled glassy clusters may be experimentally feasible.
Results and Discussion
Nanocluster Energetics The inherent structure energies, E IS , shown in Fig. 1(b) , tell the same story with slower γ leading to lower energy structures for both cluster types. The minimum in the E IS of the VCGNs as a function of T d suggests there is an optimal temperature for their formation.
At intermediate temperatures, there is sufficient thermal energy in the system to allow the surface atoms to move and find lower energy sites during the simulation equilibration . Glassy nanoclusters are prepared at deposition or cooling temperature T = 0.26 with different cooling rates as marked. For comparison, the potential energy per particle for SCGN formed with a cooling rate of 3.3×10 −3 is also shown. The energies represent averages taken from ten independent heating runs for each condition. In (a) and (d), the solid lines are linear fitting of the data, and the dashed lines indicate the glasses' transition temperatures. In all the data, error bars represent the standard deviation of the data for ten independent runs.
time, but at very low T d the atoms remain close to where they deposit on the surface and cannot lower their energy as much. The E IS curve for the supercooled clusters formed with γ = 3.3 × 10 −3 exhibits a similar shape, but with a shallower minimum because the coldest supercooled clusters have evolved through the intermediate temperatures which gives them additional time to age. The data for the slowest cooling rate does not exhibit a minimum, but we would expect one to develop if the equilibration time at each T was sufficiently long. Thin film ultra-stable glasses appear to be extremely kinetically stable, a property that is highlighted by their ability to superheat and remain glassy well above the glass transition temperature. To examine this behavior in the nanocluster systems, we plot the potential energy for a number of different glasses as they are heating compared to the cooling curve of the ordinary supercooled nanocluster formed with γ = 3.3 × 10 −3 ( Fig. 1(d) ). It is immediately obvious that none of the clusters, including those formed through vapor condensation, heat beyond their glass transitions temperatures, which might suggest that the nanoparticle systems do not form ultra-stable glasses. The supercooled nanocluster formed with γ = 3.3 × 10 −3 follows its original cooling curve even though its heating rate is three orders of magnitude slower. In bulk glass samples, this usually leads to some degree of hysteresis.
We also compare the melting of two clusters with similar inherent structures (δE IS < 0.01), but one is prepared by the supercooled method with the cooling rate 3.3×10 −6 and the other is prepared by vapor condensation with the cooling rate 3.3 × 10 −3 . Both clusters are prepared at T = 0.26, and then immediately quenched to T = 0.05. They are then heated with a rate 3.3 × 10 −6 . Despite their different histories, the clusters follow very similar heating curves, which suggests that they may be similar in structure and melt in the same way.
Nanocluster Structure
Single component Lennard-Jones nanoclusters freeze to a variety of ordered structures including icosahedra and decahedra 29 that contain locally ordered, face-centered-cubic atoms.
Using Steinhardt 30 based order parameters (see Methods and SI), we find only 1-2 isolated crystalline-type atoms in any of the clusters studied here, which suggests they are amorphous and that the KA mixture remains a good glass former in these nanoscale systems. The local structure around an atom can be characterized in terms of the geometric properties of its Voronoi cell. In particular, the indices of the Voronoi cell, n 3 , n 4 , n 5 , n 6 where n 3 , n 4 , n 5 , and n 6 are the number of faces shaped as a triangle, quadrangle, pentagon and hexagon, respectively, help identify different types of regular and irregular polyhedra.
The sum of the indices also provides the total number of nearest neighbors. Here, we report on the details of the Voronoi cells centered around the B-type atoms, measured in the inherent structures of the clusters and calculated using the voro++ library. 31 The number of nearest neighbors of B-type atoms in the glassy clusters is in the range 8 − 13 (Fig. S3) , and has a distribution that is consistent with the properties of the bulk KA glass and with These clearly show that inherent structures with similar energies exhibit similar structures, which suggests that the two processes sample the same region on the potential inherent structure landscape despite the fact that the clusters are formed in very different ways. A similar result was observed for bulk vapor-deposited and supercooled liquids in two dimensions.
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Nanocluster Dynamics
Our studies suggest that the ordinary supercooled clusters are structurally the same as the VCGN when they are cooled slowly enough. This raises the interesting question of how the supercooled clusters are able to sample the very low energy, stable states accessible to the 
where N s is the number of particles in the shell and the function D(R(0), R(t), R) is equal to 1 when an atom is present in the shell with the distance to the center, R, both at the beginning and at the end of the time window, otherwise D(R(0), R(t), R) is equal to 0.
F s (q, R, t) is evaluated at a wave vector of q * σ AA = 7.51, corresponding to the first peak of the static structure factor and the shell thickness is taken to be 0.5σ AA .
Figure 4(a) shows that, at high temperature T = 0.5, F s (q, R, t) decays exponentially with time, indicating that the cluster behaves like a well equilibrated liquid drop. Nevertheless, we see differences in the relaxation times between the surface and the core of the equilibrium liquid drop. Figure 4 (b), which shows the F s (q, R, t) at a temperature T = 0.38, clearly suggests that structural relaxation within the cluster is not homogeneous and that the core is already deeply supercooled and glassy relative to the outer layers, even though the cluster is still above T g . We see the appearance of a shoulder at longer times, which is characteristic of the slow α-relaxation of glass forming supercooled liquids, and this becomes more pronounced with decreasing T . By time the glass transition temperature is reached, the core of the cluster is glassy, but we also see evidence of surface dynamics (Fig. 4(c) ). This is consistent with earlier studies 36,37 that show the top surface layers of glassy nanoclusters remain dynamically active well below T g , with the presence of liquid-like and solid-like atoms exhibiting heterogeneous dynamics. The inhomogeneous relaxation observed here may help the supercooled clusters sample the very low energy inherent structure basins in a way that is analogous to the free surface dynamics mechanism proposed for the relaxation in the vapor deposited glasses by allowing the atoms away from the core to continue to explore configuration space while an expanding core becomes kinetically trapped as the cluster is cooled.
Conclusion
Vapor deposition onto a cold substrate slowly introduces material onto a free surface and allows the atoms or molecules time to search out low energy environments before becoming kinetically trapped. The resulting glasses have a large concentration of favored local structures, forming low energy configurations in the potential energy landscape, and they are very kinetically stable relative to ordinary glasses formed through supercooling. The work presented here shows that vapor condensation leads to the formation of glassy nanoclusters that also accumulate a significant degree of locally ordered structure in the form of Voronoi polyhedra with a bicapped square antiprism arrangement. We find that VCGN exhibit relaxation times that are 2-3 orders of magnitude longer than that of ordinary glass nanoclusters formed by supercooling at the same cooling rate, which is consistent with earlier predictions, but we also show that supercooling is able to produce glass nanoclusters with low energy inherent structures and low glass transitions temperatures that are structurally the same as those formed through vapor condensation. The ability of supercooled nanoclusters to sample the low energy structures in the inherent structure landscape could result from inhomogeneous dynamics within the cluster and the presence of surface mobility. However, despite the structural and energetic stability of our nanoclusters, it is not immediately clear that they are ultrastable in the same sense as the vapor deposited films because they do not exhibit the kinetic stability associated with superheating beyond the glass transition temperature. This may suggest some aspects of the enhanced kinetic stability of the ultrastable thin films arise from the structural anisotropies induced by the presence of the substrate. Haji-Akbari and Debenedetti 35 recently studied the structural and kinetic effects of substrate interactions in thin films and found that weakly attractive surfaces were able to promote particle mobility near the substrate, relative to the bulk of the film, while strongly attractive surfaces slowed particle mobility. They were also able to correlate these effects to oscillations in the density We identify the glass transition temperature as the T where the potential energy curve in Fig. 1(a) exhibits a change in slope, which is characteristic of the system falling out of equilibrium, and find that T g occurs in the range of 0.32-0.29, depending on the cooling rate. These glass temperatures are close to the T 0 values of the bulk systems and well below the extrapolated T g values. Some of the difference might be accounted for by the choice of definition, e.g. relaxation time versus energy. However, if relaxation time is to be used to define the T g , which time should we choose? It is clear from our work that the surface region is still able to relax on the timescale of the simulation, even at T = 0.3, which must also help the core continue to relax over time. On the other hand, it is not obvious how much of the cluster must fall out of equilibrium to cause the potential energy curve to exhibit a change in slope, which leaves open the question as to the best way to define T g in systems with inhomogeneous dynamics.
In summary, we have shown, via a direct comparison, that the glassy clusters formed through vapor condensation are structurally and thermodynamically the same as those formed through traditional supercooling. Our work also suggests that it is a combination of the compositional heterogeneity of the clusters and the enhanced mobility of atoms towards the cluster surface that helps the supercooled clusters reach the stable, low energy states on the potential energy surface through the accumulation of a large number of favored local structures. Given that the properties of nano-sized materials are highly sensitive to their structure, the extreme stability of the glassy clusters could have interesting implications for a variety of nanocluster applications, such as catalysis, and the behavior of glassy nanoclusters in the atmosphere. In all, this suggests that future studies on the behaviour of glassy nanoclusters may provide insights into both the fundamental nature of glasses and important practical applications of nanoclusters.
Methods
We study binary mixture clusters containing N = 600 atoms that interact via the LennardJones (LJ) potential, 
